Recently, it has been shown that it is possible to control the growth direction of neuronal growth cones by stimulation with weak laser light; an effect dubbed optical neuronal guidance. The effect exists for a broad range of laser wavelengths, spot sizes, spot intensities, optical intensity profiles and beam modulations, but it is unknown which biophysical mechanisms govern it. Based on thermodynamic modeling and simulation using published experimental parameters as input, we argue that the guidance is linked to heating. Until now, temperature effects due to laser-induced heating of the guided neuron have been neglected in the optical neuronal guidance literature. The results of our finite-element-method simulations show the relevance of the temperature field in optical guidance experiments and are consistent with published experimental results and modeling in the field of optical traps. Furthermore, we propose two experiments designed to test this hypotheses experimentally. For one of these experiments, we have designed a microfluidic platform, to be made using standard microfabrication techniques, for incubation of neurons in temperature gradients on micrometer lengthscales.
Introduction
Controlling the growth direction of neurons is an objective of scientific interest in neuroscience, medicine and bioengineering with promise of application to, e.g. in vivo nerve regeneration and in vitro formation of neuronal circuits for study of neuronal networks (Ehrlicher et al., 2002; Zeck and Fromherz, 2001) . It is known that the neuronal growth cone is the primary neuronal organelle of axonal growth and pathfinding, acting as an integrator of the cellular environment (Kater and Guthrie, 1990; Chen and Cheng, 2009 ). It has also been shown that it is possible to alter the direction of the axonal growth with various chemical guidance cues (Wang and Poo, 2005; Hong et al., 2000; Nishiyama et al., 2003) .
A curious new addition to the field of neuronal guidance is optical neuronal guidance (Carnegie et al., 2008 (Carnegie et al., , 2009 Ehrlicher et al., 2002; Graves et al., 2009; Higuchi et al., 2005 Higuchi et al., , 2007 Mohanty et al., 2005; Stevenson et al., 2006; Mathew et al., 2010; Koch et al., 2004) reviewed in Franze and Guck (2010) and Stevenson et al. (2010) . In 1991 it was first observed that Swiss 3T3 cells (mammalian fibroblast-like cells) would extend pseudopodia towards near-infrared light sources (Albrecht-Buehler, 1991) , and in 2002 it was shown that a near-infrared laser spot placed on and in front of the leading edge of growing PC12 and NG108 neurons enhanced the neuronal growth into the laser spot and resulted in laser-guided turns of the growth cone and increased growth speed (Ehrlicher et al., 2002) .
A better understanding of optical neuronal guidance would make it possible to optimize the guidance for, i.e. medical and research applications, however the biophysical mechanism underlying the phenomenon is not understood as stated in recent studies and reviews: "Notably, the underlying mechanisms responsible for the light-cell interactions described above, have not been fully understood or are not known" (Mathew et al., 2010) , "The underlying mechanisms of all these physical guidance cues remain unclear" (Franze and Guck, 2010) , and "These experiments are surprising, and the underlying mechanisms are not fully understood" (Stevenson et al., 2010) . The experimental studies of optical neuronal guidance reported in the literature (briefly summarized below and in Table 1 ) have all been sought explained in terms of biophysical mechanisms only involving different forms of optical gradient forces (acting either directly on the actin polymerization mechanism or on the filopodia itself), while neglecting temperature effects from laser-induced heating.
All experiments demonstrating optical neuronal guidance in the literature have been done on PC12 (rat neuron precursor cell line) or NG108 (immortalized mouse neuroblastoma rat glioma hybrid cell line) neurons. The neurons are cultivated in DMEM (Dulbecco's modified Eagle's medium) with 10% fetal bovine serum (FBS), 20 units/mL penicillin, 20 units/mL streptomycin in a humidified atmosphere (37 • C, 5% CO2) (Carnegie et al., 2008; Ehrlicher et al., 0165-0270/$ -see front matter © 2012 Elsevier B.V. All rights reserved. doi:10.1016/j.jneumeth.2012.02.006 Table 1 List of parameters for optical neuronal guidance from the literature: Laser power P laser , spot size (ws, range of ws or ws × length), laser wavelength , and beam shape (Gaussian Spot GS or Line Trap LT). Ehrlicher et al. (2002) . b Koch et al. (2004) . c Mohanty et al. (2005) d Stevenson et al. (2006) . e Carnegie et al. (2008) . f Graves et al. (2009) . g Carnegie et al. (2009). 2002). 12 h prior to experimentation, the neurons are plated at low seeding density on thin glass slides or thin 5 g/cm 2 laminin coated glass slides. 4 h prior to experimentation, the medium is changed to DMEM with 1% FBS and the slides are placed in a 37 • C temperature controlled microscope stage. In the seminal study done on PC12 and NG108 cells by Ehrlicher et al. (2002) , the guidance was done with an 800 nm and 1064 nm laser and a spot diameter of approximately 2-16 m. The laser power was measured to be between 20 and 120 mW. Variations in the laser spot size were done by optically de-focussing the beam (for variations <4 m) and by scanning the beam at a frequency of ≈ 0.1 Hz. Approximately one-fourth to one-half of the laser spot was placed on the lamellipodium and the remainder of the laser spot was placed ahead of the leading edge of the growth cone (i.e. with the highest laser intensity on or just in front of the growth cone membrane). With a success rate of 85% the growth cone turned towards the laser spot compared to only 20% in the control with an imaginary laser spot. Clearly, optical neuronal guidance has been demonstrated across a broad range of laser wavelengths, spot sizes, spot intensities, beam shapes and beam modulations. Moreover, for the low laser-power in the optical guidance experiments, the magnitude of optical forces is minute (Ehrlicher et al., 2002) , and although it has been hypothesized that the very low optical gradient forces played a role in steering the neuronal growth cones with optical line traps (Mohanty et al., 2005) , this has later been disproven (Carnegie et al., 2008) . This makes an explanation of the underlying mechanism based on optical gradient forces unlikely.
Instead, we suggest that the effect is due to a biochemical signaling cascade initiated by laser-induced heating of the cell membrane, a mechanism which we show in this paper is consistent with the reported experimental parameters. Previous estimates of this effect in the optical neuronal guidance experiments suggested a negligible temperature increase (Albrecht-Buehler, 1991; Carnegie et al., 2008 Carnegie et al., , 2009 Ehrlicher et al., 2002; Graves et al., 2009; Higuchi et al., 2005 Higuchi et al., , 2007 Mohanty et al., 2005; Stevenson et al., 2006; Mathew et al., 2010; Koch et al., 2004) , but our more detailed simulations show a temperature increase of the order 1 • C/100 mW of laser power, which is in agreement with experimental results and modelling from the field of optical trapping (Schönle and Hell, 1998; Braun and Libchaber, 2002; Peterman et al., 2003; Ebert et al., 2007) . Furthermore, we find a temperature gradient of the order 1 • C/typical neuronal growth cone-radius.
In support of an explanation based on biochemical signaling cascade initiated by laser-induced heating of the cell membrane, we turn to the following studies in the literature. It has been shown that chemical guidance of growth cones is mediated by an asymmetric influx of calcium ions Ca 2+ ) and the neuronal transient receptor potential (TRP) channels appear to be the key sensors and mediators in the process (Wang and Poo, 2005; Talavera et al., 2008; Li et al., 2005; Sappington et al., 2009) . It is know that TRP channels can be activated by depolarization of the cell using chemical guidance factors or by an increase in temperature (Talavera et al., 2008; Caterina et al., 1997) and highly localized heating (Huang et al., 2010) , and there is strong evidence in general that depolarization of the neuronal membrane is highly sensitive to small variations in thermodynamic variables like temperature and pressure (Wunderlich et al., 2009; Blicher et al., 2009; Andersen et al., 2009; Wodzinska et al., 2009 ). We therefore propose the hypothesis that the optical neuronal guidance is mediated by laser-induced heating, in particular by influx of Ca 2+ -ions due to heat-induced activation of neuronal TRP channels, discussed more thoroughly in Section 4.1.
The structure of our paper is the following. In Section 2 we present our thermal model and theory, and using it in Section 3 we predict by numerical simulation temperature increases above 1 • C due to heating by absorption of infra-red laser light. In Section 4 we discuss the implication for heat-dependent biochemical processes important for neuronal growth, and finally in Section 5 we propose designs of experiments to be carried out to test our hypothesis.
Thermal model and theory

Governing equations
To calculate the laser-induced heating of a sample during a typical optical neuronal guidance experiment, see Fig. 1(a) , we use Fourier's heat equation,
where is density, c p constant-pressure heat capacity, Ä thermal conductivity, and q(r, t) is a source term describing the heating (dissipated energy per volume per time) due to the incident laser light. Parameter values are listed in Table 2 . The optical intensity I 0 of a Gaussian laser beam in free space is given by where P laser is the total laser power and a(r, t) is the radial distance from the beam center, which is only time dependent, if the laser is scanning over the sample. The beam width w(z) is given by,
where is the wavelength and w 0 is the beam waist at the laser objective. Due to absorption in the medium, the intensity I will decay exponentially in the z-direction,
where ˛ is the absorption coefficient. In the liquid domain, we neglect possible higher absorbance of both medium and the neuron itself relative to that of pure water rendering the calculation a lower bound to actual temperature increase. In the literature, the most used wavelengths are 800 nm and 1064 nm. Table 2 lists absorption coefficients for water and pyrex glass at these wavelengths. Due to the temperature controlled stage, we will simply require that the bottom of the glass slide and the sides of the cell culture dish is kept at 37 • C,
For the water/air interface at the top, we will allow heat exchange with the surrounding air, modeled by the boundary condition,
where T air is the temperature of the surrounding air and the material parameter h = 7.5 W/(m 2 K).
Simplified models 2.2.1. Stationary laser spot in 3D
The heat equation was solved numerically using a finite element method. There are several relevant length scales in this problem: The geometry of the glass slide with the 37 • C boundary has centimeter dimensions and the axon and spot size are on the order of micrometer, a length-scale mismatch making a full 3D simulation computer-memory demanding. For a stationary laser spot, the rotational symmetry of the spot makes the temperature field axisymmetric and the problem reduces to a 2D problem in the radial coordinate R and the vertical coordinate z. This enables numerical simulations on the computers at our disposal. In contrast, the motion of a scanning laser spot breaks the axisymmetry of the system, and the resulting full 3D problem is beyond the capacity of our computer hardware, forcing us to restrict the analysis to the horizontal xy-plane, see Section 2.2.2.
For a stationary laser spot, we model the system as 1.5 mm thick and 3 mm-radius cylindrical water domain on a 0.3 mm pyrex glass slide, see Section 3.1. The center of the laser spot is placed on the cylinder axis. The slide is placed in a heated microscope stage with the bottom and sides kept at a fixed temperature of 37 • C. Having the water/glass interface at z = 0, the boundary conditions become,
• C, for z = −0.3 mm, (bottom of glass slide) (7)
The boundary condition at the water/air interface at z = 3 mm is given the water/air heat exchange expression given in Eq. (6) with T air = 37 • C.
Scanning laser spot in the xy-plane
For a scanning laser spot, we used that the total height of the glass slide and medium is only a few millimeter, while the absorption coefficients in water are on the order of centimeter. From our 3D simulation, we notice that there is almost no laser power dissipation in the pyrex glass slide, and that the constant-temperature boundary condition at the bottom of the glass slide only affects the temperature field very close to the glass/water interface. This means, as discussed in Section 3.1, that we can reduce the model to a laser spot moving in a horizontal 2D water domain, see Fig. 1 (b). The dissipated power per volume is
Because the absorption-length of laser light is on the order of centimeter, the z-dependence of the source term is negligible in the bulk water domain ,
where w s is the radius of the laser spot in the 2D plane of the glass slide and a(r, t) is the distance from the center of the laser spot.
In the 2D geometry, we only have r ≡ (x, y). If the laser spot center coordinates move in time with a trajectory r c (t) = (x c (t), y c (t)), we have
Furthermore, we will also make the simplification of only calculating the temperature field in a 1 mm × 1 mm square water domain, as we found this domain large enough to resolve the temperature field around the laser without seeing any edge-effects from the boundary. In the simplified 2D model, the boundary conditions simplify to the one requirement that the temperature T, at the boundary ∂ , is kept constant at the temperature of the temperature controlled microscope stage, T (r, t) = 37
• C, for r at ∂ .
Results
To simulate the effects of heating in an optical guidance experiment, the temperature field was calculated using the COMSOL finite element method software (COMSOL, 2011) . The heat equation with the above-mentioned boundary conditions was solved for a stationary laser spot in the full 3D model as well as for stationary and scanning laser spot in the reduced 2D model.
3D temperature field for a stationary laser spot
The 3D steady-state temperature field was calculated for a stationary 1064-nm laser spot with w s = 1 m and P = 100 mW, see Fig. 2(a)-(c) . After a mesh convergence analysis, the domain was finally meshed with a maximum mesh element size of 1 m for R < 30 m and 20 m for R > 30 m. Because a typical height of a neuronal growth cone is 10 m (Ehrlicher et al., 2002) , the radial temperature profiles at z = 0, 5, 10 m above the glass slide were plotted, see Fig. 2(d) , and it was found, that the gradient of the temperature field was approximately 0.6, 2.3 and 2.6 • C/10 m, respectively. This shows, that even when the bottom of the glass slide is kept fixed at 37 • C in a thermocontrolled chamber, irradiation by a near-infrared laser will still give rise to a biologically significant temperature difference of about 1 • C across the width one neuronal growth cone, approximately one growth-cone-height above the glass slide. These results further imply that presence of the glass slide with a fixed-temperature bottom has a negligible influence on the temperature field already a few micrometer above the water/pyrex interface. This allows us to reduce the numerical simulations to a horizontal 2D-plane in water with the edges kept at 37 • C, see Fig. 1(b) and the following subsection.
2D temperature field for a stationary laser spot
From now on we analyze a horizontal 2D water domain with a fixed-temperature boundary. The reduction in dimensionality allows us to break the symmetry and study a stationary or scanning laser spot at arbitrary positions in square domain, see Fig. 1(b) .
Initially, a stationary laser spot was modeled. To show that the symmetry of the boundaries does not affect the symmetry of the temperature profile around the laser spot, the latter was placed slightly off center in the simulations, see Fig. 3(a) . To characterize the temperature field, we define three values: the temperature T s in the center of the laser spot, the temperature T 30 at a distance 30 m away from the center of the laser spot, and the distance d hm from the maximum temperature to the temperature at half-maximum approximating the half-width of the temperature profile, Fig. 3(b) . We choose 30 m, as this represents a typical neuronal growth cone width (Ehrlicher et al., 2002) , so if the laser spot is kept at one leading edge of the growth cone, T s − T 30 will give an estimate of the temperature difference across the growth cone. In Fig. 4 , we show T s and T 30 for a spot with w s = 2 m at two typically used wavelengths. As expected, we see that the temperature field depends linearly on the laser power. We also see a clear temperature gradient across the growth cone. For P = 100 mW at the two calculated wavelengths, we find the temperature rise 1064 nm :
800 nm :
This magnitude of heating is in agreement with experimentally observed laser-induced heating of vesicles by infrared optical tweezers (Liu et al., 1995) , of DNA in an infrared optical trap (Braun and Libchaber, 2002) , of micron-sized silica and polystyrene beads in a optical traps (Peterman et al., 2003) , and temperature sensitive dyes in buffer suspension in an infrared dual-beam laser trap (Ebert et al., 2007) . We find that for spot sizes with w s = 1-2 m, we have d hm = 32.7 m, which is comparable to the diameter of a neuronal growth cone. 
2D temperature field for a scanning laser spot
In some experiments, the neurons were stimulated with a scanning laser to achieve a larger functional laser spot (Ehrlicher et al., 2002) . The largest spots reported in the literature have a diameter of 16 m, so we calculated the temperature field from harmonically scanning a 2-m-diameter laser spot along a 16-m path with a frequency of 0.1 Hz. In Fig. 5 is shown the temperature field after 120 s with a scanning and non-scanning laser along the scan axis. As initial condition at t = 0 was used that the temperature everywhere was T 0 (r) = T(r, 0) = 37 • C. We see a 20% reduction in the temperature field along the scanning axis, but there are still definite temperature gradients over distances comparable to neuronal growth cone sizes. We also observe that the temperature field follows the laser position in time (data not shown). Scanning the laser with 0.1 Hz does not make one large uniformly heated spot; the steep temperature gradients around the scanning laser are still present. This can 
Scanning at f = 0.1 Hz gives a characteristic diffusion length th , th = D th /f = 1.22 mm w s .
From this it is clear that the temperature field will follow the laser spot and quickly diffuse away from any regions with no incident laser power. We can also calculate the time it will take the laser spot to heat up. We can approximate,
where T 0 is the temperature of the bulk, and T is a characteristic length on which T changes from T 0 . Setting T = 2d hm gives a time constant, = 2 T /D th = 27.6 ms.
This also shows that the temperature field will indeed follow the relatively slowly moving laser spot.
Validation of the numerics
To ensure that the finite-element-method mesh was sufficiently fine to resolve the geometry, we investigated the convergence of the numerical solution in several ways. To resolve the temperature field close to the laser spot, the mesh in a 100 m× 100 m domain around the laser spot was much finer than the mesh in the rest of the bulk domain. We found it sufficient to use maximum element sizes of 1 m and 25 m, respectively. We calculated T s for an increasingly fine mesh to make certain that the solution was stable. A mesh analysis showed convergence for maximum element size below 2 m (data not shown). This result makes sense as the Gaussian spot has a width of ∼5 m.
Another validation of the numerics is a comparison with an approximate analytical solution. Outside the laser spot q(r, t) = 0, so the steady-state version of equation Eq. (1) (∂ t T = 0) reduces to Laplace's equation in 2D, ∇ 2 T = 0 with axial symmetry around the laser spot. It is easily checked that an analytical solution in this case is
where r c is the position of the center of the laser spot, A and C are constants, and B is a constant vector. This corresponds to the temperature field around a point heat source. Plotting Eq. (19) alongside the numerical solution we find very good agreement, which is another indication that the finite element method is sufficiently meshed, see Fig. 6 .
Discussion
For both stationary and scanning micrometer-sized, 100 mW infrared laser spots, we have found that biologically significant temperature differences (about 1 • C) on the length scale (about 10 m) of a neuronal growth cone arise, even when the experiment is conducted in a setup with bottom and side-walls kept at 37 • C. Our simulations represent a lower limit of the heating effects, as we have neglected possible higher absorbance of both medium and the neuron itself relative to that of pure water. Moreover, we have assumed ideal fixed temperature at the bottom of the glass slide in the microscope stage, where in real experiments the access hole for the optics reduces the thermal conductivity of the stage, and subsequent increased laser heating effects.
We therefore propose in the following that the optical neuronal guidance is mediated by laser heating activation of temperature sensitive TRP channels and discuss previously proposed hypotheses involving optical gradient forces and temperature effects in actin polarization. We also show, that the heat-activation hypotheses is consistent with other examples of optical cellular guidance.
Potential TRP channel activation in optical neuronal guidance
It is known that the neuronal growth cone uses surface receptors to integrate the cellular environment and mediate the growth of the axon. It has been shown that cytoplasmic Ca 2+ signals play a key part in this signaling, and that the concentration of intracellular Ca 2+ is an important regulator of neurite growth (Wang and Poo, 2005; Hong et al., 2000; Nishiyama et al., 2003) . Localized increases in Ca 2+ concentration result in protrusion of filopodia and growth cone turning. Similarly, in the presence of a Ca 2+ ionophore, neurons will grow up along a Ca 2+ gradient, presumably caused by a gradient of Ca 2+ influx across the growth cone (Talavera et al., 2008) .
The Ca 2+ regulated motility has been observed to have a bimodal nature, where a gradient of Ca 2+ influx across the growth cone will mediate steering responses, with higher amplitude Ca 2+ signals (steep gradients) mediating attraction and lower amplitude Ca 2+ signals (gentle/gradual gradients) mediate repulsion. A moderate increase in the overall cytoplasmic Ca 2+ concentration can initiate or promote axonal motility and extension .
The TRPV subfamily, dubbed thermoTRPs, is highly sensitive to temperature, and essentially serve as cellular membrane "thermometers" (Talavera et al., 2008) . Strong heat is detected by activation of TRPV1 and TRPV2 channels (thresholds of ≈ 42 • C and ≈ 50 • C, respectively) and warmth (minor temperature increases compared to body temperature) is sensed by TRPV3 and TRPV4 channels. These two channels exhibit significant activity at body temperature, and are further activated by increases in temperature in the warm range (Caterina, 2007; Talavera et al., 2008) . That is, hippocampal neurons are known to express TRPV4, allowing influx of cations at 37 • C increasing excitability of these neurons (Talavera et al., 2008) and TRPV1 can carry significant currents at 37 • C, and thus potentially sense small fluctuations around body temperature (Szallasi et al., 2007) .
It is not known, if the calculated temperature gradients are strong enough to cause steering of the neuronal growth cone. There are no reports on neuronal growth in temperature microgradients in the literature, but it is known that bulk neuronal development is temperature-dependent (Ishida and Cheng, 1991; Fukui et al., 1992) , and that some organisms (nematodes) have been shown to be extremely temperature sensitive, exhibiting thermotaxis up temperature gradients as small as 10 −4 • C/cm (Pline et al., 1988) . It also seems that depolarization of the neuronal membrane is highly dependent on small variations in thermodynamic variables like temperature (Wunderlich et al., 2009; Blicher et al., 2009; Andersen et al., 2009; Wodzinska et al., 2009) .
The optical guidance has been shown to work over a range of wavelengths (760 nm, 800 nm, 1064 nm, 1070 nm) and at different optical beam shapes. This is consistent with heating effects, which are essentially independent of specific wevelengths or beam shapes. Also, a curious effect is described in the literature: if the optical guidance is performed with a too high laser power, the cells retract instead of grow into the beam (Koch et al., 2004) . This cannot be explained by a hypothesis only considering optical forces, but is consistent with the TRP activation hypothesis; localized heating induces Ca 2+ influx and the Ca 2+ signal mediated growth cone steering is known to be bimodal: moderate increases in cytoplasmic Ca 2+ concentration can initiate or promote growth cone motility and extension, whereas high cytoplasmic Ca 2+ concentration can inhibit growth and cause repulsion .
Experiments with optical line traps
One paper reports the use of optical line traps to steer the growth (Carnegie et al., 2008) . It was investigated whether the optical gradient had an influence on the steering efficiency. The guidance was performed at 37 • C on the NG108 cell line with a 30-70 mW, 1064 nm laser with a spot size of approximately 1 m × 45 m. Three spot shapes were investigated: a line trap with a forward bias (e.g. forward optical intensity gradient), a line trap with a reverse bias, and a symmetric Gaussian shape. Similar levels of guidance are found regardless of the direction of the intensity variation along the line trap. Also, the same levels can be reached with a symmetric Gaussian beam shape. The line trap is prepared by blocking part of the laser beam path which reduces the total incident power on the sample (Carnegie et al., 2008) . This means that the symmetric spot will deliver more power, while the biased spots will deliver less power, so a symmetric line is expected to increase the bulk growth speed more than the forward or backward biased lines. Also, the maximum optical intensity was always kept at the leading edge of the growth cone, so the reverse bias configuration should raise the temperature of the neuron more than the forward bias configuration. This is consistent with the measured average growth rates by Carnegie et al. (2008) using the three beam shapes: 65 ± 11 m/h (forward bias), 78 ± 9 m/h (reversed bias), and 111 ± 11 m/h (symmetric shape).
Temperature effects in actin polarization
It has also been proposed that the laser spot gradient forces are somehow "pooling" G-actin monomers in the cytoplasm to one side of the growth cone, thereby increasing the local actin concentration, thereby increasing the speed of actin polymerization on that side and thus steering the growth cone (Ehrlicher et al., 2002) . The hypothesis seems to assume that in vivo actin polymerization is mainly a diffusion-driven process that depends strongly on the local concentration of G-actin monomers. However, it has been shown in experiments with in vitro Mg 2+ -induced polymerization of rabbit skeletal muscle G-actin that the actin polymerization is far too temperature dependent to be a strictly diffusion controlled process, i.e. does the rate constant k +e of elongation of actin filaments increase six-fold with a temperature increase from 10 • C to 30 • C (Zimmerle and Frieden, 1986) .
It is also known that actin polymerization has a curious temperature dependence, where the fraction of monomers polymerized has a constant value ≈0.1 as a function of temperature until the temperature rises to T p , where rises to ≈0.8 and then decreases again (Niranjan et al., 2001) . This is derived from a system of four coupled differential equations (chemical equilibria), and (T) is approximately a concave-down parabola of width ≈32 K. T p is dependent on salt concentration, [KCl] , and G-actin concentration [G 0 ]. For growing neurons, we can assume approximate values of [Cl − ]= 8.2 ± 0.6 mM (Irie et al., 1998) and [G 0 ]= 16 m (Atkinson et al., 2004) . Using that G-actin is a 42 kDa-protein, we find
) is linear with a negative slope, so we have that for physiological temperatures and ion strengths, an increase in actin polymerization is equally likely to be due to an increase in temperature, as to an increase in G-actin concentration. It even seems that for physiological conditions, is much more sensitive to temperature variations, than to changes in G-actin concentration (Niranjan et al., 2001 ). However, we do not believe either optical gradient force mediated actin monomer pooling or the temperature dependence of actin polymerization to be able to account for the growth cone steering effects of optical neuronal guidance.
Other examples of optical cellular guidance
Besides its use in neuronal guidance, optical cellular guidance has been demonstrated on Swiss 3T3 cells in a seminal paper reporting extension of pseudopodia into infrared laser spots (Albrecht-Buehler, 1991) . This is consistent with the hypothesis that the laser spot heating thermodynamically activates the TRP channels. It has been shown that cultured fibroblasts (NIH3T3), neuronal cells (NG108-15) and keratinocytes (M308) all express TRPV3 and TRPV4 and respond to warmth in a normal bath solution containing Ca 2+ solution, but not in Ca 2+ -free solution, suggesting a primary role of TRPV regulated Ca 2+ influx in cellular thermosensing (Mochizuki-Oda et al., 2007) .
In the study on Swiss 3T3 cells, it was found that the cells would extend pseudopodia towards laser spots with ≥ 600 nm. The cells ignored laser spots with = 540 nm which is consistent with the fact that the water absorption coefficient ˛5 40 nm at this wavelength is two orders of magnitude lower than ˛8 00 nm at = 800 nm (Pope and Fry, 1997) , implying a negligible laser-induced heating. Similarly, it was observed that lamellipodia extension also decreased for laser spots with ≥ 1200 nm. Since ˛1 200 nm is an order of magnitude larger than ˛1 064 nm it is possible that irradiating the sample with lasers having ≥ 1200 nm simply heats the cell too much, causing massive membrane depolarization and large Ca 2+ -influx, implying retraction due to very large cytoplasmic Ca 2+ concentration (Kou et al., 1993; Albrecht-Buehler, 1991; .
Proposed experimental designs
As temperature effects have previously been neglected in the literature, no systematic experimental studies relating success rates of the optical neuronal guidance to parameters of laser heating exist in the literature. We therefore propose two experimental designs to help providing such data and to test our hypothesis that optical neuronal guidance is mediated by heat-induced TRP channel Ca 2+ -currents across the neuronal growth cone.
To only test the involvement of the TRP channels, a possibility is to redo neuronal guidance experiments with TRP knockout neurons, or with neurons incubated with a TRP channel blocker (i.e. SKF-96364 (Wang and Poo, 2005) ), or with a zero concentration of extracellular Ca 2+ (e.g. by substitution with Mg 2+ ). This would make it possible to test the involvement of Ca 2+ and TRP channels in the sensing mechanism.
To test if it is possible to alter the direction of the neuronal growth using only localized cell heating and no laser light, we propose to incubate growing neurons in temperature gradients on the micrometer scale, similar in magnitude to those, we have found in our laser heating analysis above. In Fig. 7(a) we present a design of a microfluidic platform for this purpose. The device consists of a standard Peltier cooling element kept at a constant temperature T Pel . This can be achieved as in Ref. (Ebbesen et al., 2010) by using a resistive thermal device (RTD) in a feedback loop controlling the current through the Peltier cooling element. On top of the Peltier cooling element, a number of parallel 100 m wide strips of commercially available adhesive aluminum foil are attached. The thickness of both the foil and the adhesive is 100 m. The aluminum strips are attached to a current source and serve as Joule micro-heaters when carrying a current I Al . On top of the Peltier cooling element and aluminum micro-heaters, an even layer of PDMS (polydimethylsiloxane) is deposited. This could be achieved using evaporation or spin-coating techniques (possibly in conjunction with flat-pressure), and should be very flat to keep the PDMS surface free of any topological variations to influence the neuronal growth.
The experiment would be carried out by placing the device in DMEM, seeding neurons on the PDMS surface and incubating them at 37 • C, thereby allowing them to start extending growth cones. If the Peltier cooling element and the aluminum micro-heaters are simultaneously turned on, steady-state temperature gradients on the PDMS surface will develop. By allowing the neurons to grow in these gradients, it would be possible to see if the neurons have a tendency to turn the growth direction along the temperature gradients. By constructing a device with many parallel micro-heaters, it is possible to set up many steady-state temperature gradients on the PDMS surface, and carry out numerous "thermal guidance" experiments in parallel, allowing for a large amount of data and good statistics.
In Fig. 7 (c) we show a 2D simulation of the temperature field around an aluminum micro-heater. A 2D model is sufficient due to the translational invariance of along the length of the microheaters and the periodicity of the parallel micro-heaters. As above, the calculation was done using COMSOL by solving the steady-state, source-free heat equation,
in the PDMS, water, and DMEM domains. The only heat source are the aluminum heaters, but these are just modeled as boundary condition injecting a heat flux due to their Joule heating,
where J Al is the heat flux out of the micro-heaters. We can find J Al by considering an element of micro-heater of height h and width w. Then we have the heat flux,
where Al = 1.72 × 10 −8 m is the resistivity of aluminum, and where the electric current I Al through the heater strips is externally controllable. In out case, we have h = 50 m and w = 100 m. At the top of the DMEM, we will allow heat exchange with air, given by Eq. (6), and due to the feedback regulation of the Peltier cooling element, we will require that the top of the Peltier cooling element will be kept constant at T Pel . Due to the many parallel heaters, we require mirror-symmetry at the vertical boundaries. In Fig. 7(b) and (c) we show a simulation of the steady-state temperature field around an aluminum micro-heater calculated using T Pel = 10 • C, T air = 29 • C, I Al = 2.8 A, and a total DMEM depth of 1.85 mm. We have used that Ä DMEM ≈ Ä wa , Ä PDMS = 0.3 W/Km and Ä adhesive ≈ Ä epoxy = 0.2 W/Km. In Fig. 7(d) we show a line plot of the temperature of the PDMS surface. We find temperature variation between 27 • C and 45 • C with temperature gradients comparable to optical guidance experiments over length-scales comparable to the size of neuronal growth cones. An convergence analysis similar to the one mentioned in Section 3.4 was done to ensure the convergence of the numerical solution.
Conclusions
By numerical simulation using published input parameters, we have shown that in optical neuronal guidance experiments, biologically significant temperature gradients exist on length scales comparable to the size of neuronal growth cones.
We have tied the existence of significant thermal gradients to our proposing of a new hypothesis: Growth cone steering in optical neuronal guidance is mediated by heat-activation of the TRP channels. We have shown that this hypothesis is consistent with previously reported experiments, and that in particular it can explain observed effects of the optical neuronal guidance, which cannot be explained by previous published hypotheses relying only on optical gradient forces (growth cone retraction and dependence of beam shapes).
Finally, we have presented two experiments to test our TRP channel activation hypothesis: one using standard methods from molecular biology involving TRP knockout neurons or a TRP channel blocker in optical guidance experiments, and one physical involving microheaters and no lasers. We have designed a microfluidic platform, which could easily be made using standard microfabrication techniques, for incubating neurons in temperature gradients on micrometer lengthscales, which would be suitable for carrying out the latter test.
If the optical neuronal guidance is indeed a result of TRP channel activation, it is a rudimentary form of cellular thermo-sensing, which may find novel applications in bioengineering, cellular biology and regenerative medicine.
